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The effect of spontaneous variation in RR interval due to atrialfibrillation on ventricular ejection was studied in I9 patients with aortic Starr-Edwards prostheses. Reduction in the interval between the onset of ventricular activation and the opening sound of the prosthesis (QAi) is due to an increase in the initialforce acting on the ball. Negative correlation was present in all patients between QAi interval and the RR interval immediately preceding, which was associated with progressive reduction in the gradient across the prosthesis during diastole. Positive correlation was present in I4 out of I9 patients between the second preceding RR interval and QAI interval, which was not due to changes in ventricular filling or end-diastolic pressure gradient across the prosthesis, and appeared to reflect a direct positive inotropic effect of RR interval. In 5 patients, all with evidence of heart failure, this effect was not shown. Thesefindings have been expressed in terms of multiple regression equations, and related to the clinicalfeatures of atrialfibrillation.
Beat-to-beat variations in the amplitude and rate of rise of left ventricular and aortic pressure have long been recognized in atrial fibrillation (Wiggers, I9I5; Einthoven and Korteweg, 1915) , and have been related to the effects of irregularity in pulse interval on ventricular filling and aortic pressure. In addition, there is much evidence to suggest that the interval between beats has a direct effect on the contractile state of the left ventricle (Bowditch, I872; Woodworth, 1902; Koch-Weser and Blinks, I963) . In order to assess the possible importance of these effects in atrial fibrillation in man, a study was made of I9 patients with StarrEdwards prostheses in the aortic position. A phonocardiographic method of assessing the initial rate of movement of the ball at the onset of left ventricular systole was used, allowing changes in left ventricular function to be determined reproducibly on a beat-to-beat basis (Gibson, Broder, and Sowton, 1970 and all were taking digitalis, diuretics, and anticoagulant therapy. In 10 the mitral valve had also been replaced, and in i the tricuspid as well as mitral and aortic valves. One additional patient had had a mitral valvotomy.
Phonocardiograms and a simultaneous electrocardiogram were recorded with the patient in the supine position, using a Cambridge photographic recorder at a paper speed of Ioo mm/sec. The microphone was at the lower left sternal edge. In 3 patients (Cases 1-3 Measurements The timing of heart sounds was measured from the first high frequency component. The QAi interval was measured from the onset of the Q wave to the opening sound of the prosthesis (AI), the ejection time from the aortic pressure pulse, and the AIA2 interval as the time between the opening and closing sounds (A2) of the prosthesis. Ball travel time (BTT) was taken as ejection time less AIA2 interval (Gibson et al., 1970 For the relation between ball travel time and QAi interval an equation of the form BTT = a+bQAi was assumed, where a and b are constants. a, b, r, the regression coefficient, and P, the probability that r differs from zero, are given in Table 2 . A similar method was used to investigate the relation between AP and RR interval, the equation t being AlP = a+ bRR' (Table 3) . In order to study the relation between RR interval and QAi interval, multiple regression analysis was performed, on the assumption that for any particular beat QAi could be regarded as a function of RR' and RR": QAi = a + bRR" + cRR', where a, b, and c are constants which are given in Table 4 , together with r, the coefficient of multiple regression. In addition, the standard errors of b and c were calculated, and the probability that these differed significantly from zero was determined by Student's 't' test. Similar methods were used to investigate the relation between RR interval and AP and PC pressure.
All calculations were performed with an Olivetti 'Programma IoI'. Gibson, Broder, and Sowton Results Ball travel time This was measured at rest and on exercise in 3 patients for 30 consecutive beats, and was in the range io-6o msec. There was close correlation with QAi interval (Table 2) , the slope and intercept of the regression lines being similar at rest and on exercise in the same patient.
gram and a central aortic pressure pulse which somewhat reduces the applicability of the method. However, close correlation has previously been shown, and is confirmed in the present study, between ball travel time, and QAi interval, the period between the onset of ventricular activation, and the opening sound of the prosthesis. QAi can be deterEnd-diastolic gradient There was a highly significant negative correlation between RR interval (RR') and the immediately succeeding end-diastolic gradient across the prosthesis (Table 3) . Multiple regression analysis showed no significant relation between RR" and end-diastolic gradient in any of the 3 cases.
Wedge pressure There was no significant relation between RR' or RR" and end-diastolic wedge pressure either at rest or on exercise in any of the 3 cases (coefficient of multiple regression o026-o032).
QAI interval In all i9 patients there was highly significant correlation between QAi interval and one or both preceding RR intervals. The results of multiple regression analysis are shown in Table 4 . Correlation with the immediately preceding RR interval (RR') was always negative and highly significant, whereas that with RR" was present in only I4 out of the I9 patients, and, when significant, was always positive. These results are shown graphically for Case I5. In Fig. i , negative correlation between RR' and QAI is shown, while when a population of beats is chosen such that RR' is within relatively narrow limits (in this case, ioo msec) then positive correlation with RR" is shown (Fig. 2) .
In predicting QAi from the regression equations, its relative dependence on values of RR' and RR" is indicated by the magnitude of the constants b and c ( Table 4 by substitution of the mean RR interval (6oo msec) for RR". 900 1000 f group.bmj.com on June 21, 2017 -Published by http://heart.bmj.com/ Downloaded from mined from simultaneous phonocardiogram and electrocardiogram and was used throughout the present study. As with ball travel time, a reduction in QAi interval implies an increase in the initial acceleration of the ball of the prosthesis, due to an increased force acting on it.
In intact man, variation in the interval between beats might affect the initial phase of left ventricular ejection in at least three ways. Prolongation of diastole might be associated with increased ventricular filling, while causing a reduction in aortic diastolic pressure, and therefore in the end-diastolic pressure gradient across the prosthesis. In addition, the interval between beats has a direct effect on the contractile state of the left ventricle (Bowditch, I872). Though beat-to-beat changes in stroke volume have been documented in atrial fibrillation (Greenfield et al., I968) , it has previously been shown that QAi interval is little affected by changes in left ventricular filling. This was confirmed in the present study by the lack of correlation between enddiastolic wedge pressure and QAi interval in three patients without significant mitral valve disease. It is likely, therefore, that the observed changes in QAi interval were due to beat-to-beat variation in the end-diastolic pressure gradient across the prosthesis, or to changes in the contractile state of the left ventricle directly related to pulse interval.
The end-diastolic pressure gradient across the prosthesis represents a force exerted over the area of the aortic orifice opposing that generated by the left ventricle. An increase in this gradient would therefore reduce the initial acceleration of the ball, the initial force generated by the ventricle remaining uni altered, and, if sufficiently large, might prevent the valve opening altogether. Thus, using the present method, changes in the force generated by the left ventricle can only be 4 substantiated when alterations in the enddiastolic pressure gradient have been eliminated as a cause of variation of QAi. In all three patients there was highly significant negative correlation between RR interval X and the succeeding end-diastolic gradient across the prosthesis, both at rest and durinĝ exercise. This was due to reduction in aortic diastolic pressure, since there was no relation between the RR interval and end-diastolic pulmonary wedge pressure. The longer the 4duration of diastole, the less was the force , opposing that generated by the left ventricle, and it is therefore possible that the negative Fig. I for 3 groups of beats, for which RR' is 300-400 msec, 500-600 msec, and 600-700 msec, respectively. Correlation between R" and QAi is positive, though at any given value of RR", the longer RR' the shorter the QAi interval. The regression lines have been derived from the multiple regression equation in Table 4 by substitution of the mean RR interval in each group for RR'. left ventricular contractile state has not been excluded.
In addition to the negative correlation between pulse interval and the succeeding QAi interval, there was positive correlation between pulse interval and QAi two beats later in I4 out of I9 patients, indicating that in intact man the characteristics of the initial phase of left ventricular ejection are determined by two, opposing, time-dependent processes. This second, positive correlation was not due to alterations in ventricular filling or to changes in the end-diastolic gradient across the prosthesis, and therefore it seems likely that the interval between beats had a direct effect on the contractile state of the left ventricle two beats later, causing a change in the initial force that it developed.
The dependence of the contractile state of the isolated heart on two opposing timedependent processes was first recognized by Woodworth (I902) who described 'the stimulating effect of a rapid succession of contractions and the recuperative effect of a long pause'. These effects have been studied in considerable detail by Koch-Weser and Blinks (i963) who have analysed them in terms of differences in the rates of decay of the positive and negative inotropic effects of activation. More recently, Meijler et al. (i968) have studied the effects of stimulation of the isolated heart at intervals derived from tape recordings of the electrocardiogram ofpatients with atrial fibrillation, and shown that beatto-beat variation in the contractile state occurred. They found strong positive correlation with the interval immediately preceding, while lesser, negative correlation existed for the previous second to tenth intervals. These results resemble the present ones, though we have been unable to dissociate the effects of RR' on aortic impedance from a possible effect on left ventricular contractile state.
In 5 patients (Cases 3, 7, 10, I3, and I9) it was not possible to show significant correlation between RR" and QAi interval. These patients all had clinical and radiological evidence of left ventricular failure with cardiac enlargement and pulmonary vascular congestion. This raises the possibility that in these patients the force generated by the left ventricle was at a maximum and that no further increase could occur as a result of variation in RR interval. This conclusion must remain tentative in view of the small number of patients in whom it was observed.
If the variation in QAi interval described by the regression equations derived in the present study were directly due to the interval between beats, then these relations should apply to circumstances other than atrial fibrillation. The coefficients describing the dependence of QAi on RR" and RR' (b and c) were approximately equal in magnitude and opposite in sign. It follows, therefore, that when the heart rhythm is regular, i.e. when RR' is equal to RR", QAi should be almost independent of rate. This was seen in patients in sinus rhythm in whom heart rate was increased by atropine administration or ventricular pacing (Gibson et (Graham et al., i968) , such inappropriate increases in contractility reduce the external efficiency of the heart. In addition, continual changes in aortic impedance might impair left ventricular performance even in the absence of changes in contractile state. Wilcken et al. (i964) have shown that under conditions of constant aortic impedance, the left ventricle operates at maximal external work and power, and that these are reduced by a sudden change in aortic pressure. Reduction in the performance of the left ventricle might therefore occur in atrial fibrillation by mechanisms that are unrelated to the loss of atrial contraction, but which are due to irregularity of the RR interval.
